Aims/hypothesis Gestational diabetes mellitus (GDM) is a risk factor for the development of endothelial dysfunction and cardiovascular disease. However, in vivo microvascular endothelial function in GDM has not been investigated. This study aimed to examine, using near-infrared spectroscopy (NIRS), whether: (1) there are differences in microvascular reactivity and skeletal muscle oxygen consumption (mV
Introduction
Gestational diabetes mellitus (GDM) is a state of glucose intolerance resulting in hyperglycaemia with onset during pregnancy that affects 5-10% of pregnancies worldwide [1] . Poorly controlled GDM is associated with an increased risk for gestational hypertension, pre-eclampsia [2, 3] and fetal perinatal complications. This metabolic abnormality usually resolves immediately postpartum; however, it has been associated with a higher incidence of type 2 diabetes and increased risk for cardiovascular disease in both the mother and offspring [3] [4] [5] [6] . Endothelial dysfunction has been associated with a higher risk for cardiovascular disease in patients with diabetes, showing that the hyperglycaemic environment promotes micro-and macrovascular dysfunction [7, 8] . Although GDM is considered a temporary state as it is alleviated by delivery, some studies have suggested that alterations in endothelial responsiveness occur [9] , whereas others have suggested that the duration of exposure to hyperglycaemia is insufficient to induce vascular dysfunction [10, 11] .
The vast majority of studies examining vascular alterations in GDM have been conducted in rodents or isolated human umbilical cord vessels. These studies have proven insightful in delineating the potential mechanisms underlying GDM pathophysiology; however, they do not provide information on intact circulatory systems. Most in vivo studies in GDM have investigated peripheral conduit artery vasoreactivity using flow-mediated dilation (FMD) [9, 12] and only one study has investigated skin microvascular flow [10] . Although FMD provides an insight into the function of large conduit arteries, it does not provide an assessment of downstream hyperaemia within the tissue itself [13] . Moreover, endothelial cells from macro-and microvasculature of different tissues differ in their ability to metabolise substrates involved in vascular tone modulation because of differential expression of genes encoding for membrane transporters for L-arginine and NO synthase [14] . Insulin and adenosine also differentially modulate different cell types because of differences in the abundance of their receptor isoforms in various tissues types [14, 15] . Thus, information on macrovascular function in GDM does not necessarily apply to the microvascular environment, and functional alterations in one tissue type should not be extrapolated to another. To our knowledge, in vivo microvascular function at the skeletal muscle level in GDM has not been examined.
In this respect, near-infrared spectroscopy (NIRS) allows non-invasive continuous monitoring of functional changes in oxygenated haemoglobin dissociation within the skeletal muscle [13] . Using arterial occlusion and reoxygenation, NIRS technology provides insights into the ability of muscle to extract oxygen from the capillaries and the ability of microvasculature to respond to a stimulus [13, [16] [17] [18] [19] . The slope of the tissue O 2 saturation curve during reoxygenation provides information on microvascular reactivity that has higher interand intra-day reliability than FMD [13, 16] .
Studies in non-pregnant individuals with diabetes mellitus have shown that the endothelial dysfunction of capillaries within skeletal muscles can cause an imbalance of oxygen delivery relative to oxygen extraction [8, 20] , reduced muscle perfusion and mitochondrial dysfunction [20] . In women with GDM, proteomic analysis in abdominal muscles collected at delivery also revealed reduced mitochondrial protein expression and alterations in Ca 2+ handling protein content [21] . However, whether impairments in skeletal muscle oxygen consumption (mV ⋅ O 2 ) are present in GDM and are manifested during physiological stress (such as exercise) has not been explored. In addition, it is yet to be examined whether alterations in muscle oxygenation and vascular reactivity contribute not only to exercise intolerance in this population, but to increases in aortic stiffness and BP during pregnancy, encouraging the development of pre-eclampsia. Based on the aforementioned studies, we hypothesised that: (1) alterations in endothelial function and skeletal muscle oxygenation might be present in GDM, reducing vascular reactivity and oxygen utilisation at rest and during exercise; and (2) alterations in microvascular reactivity in women with GDM will be associated with indices of macrovascular (arterial) stiffness and cardiovascular risk factors.
With this in mind, the study aims were to examine whether: (1) differences in skeletal muscle oxygen utilisation and microvascular reactivity exist between GDM and control pregnant women at rest and during intermittent handgrip exercise; and (2) there is an association between muscle oxygenation indices with cardiovascular disease risk factors (arterial stiffness and BP elevations [22, 23] ) in GDM and uncomplicated (control) pregnancies. Exploring these variables may assist in the identification of novel risk factors and a better understanding of exercise intolerance in GDM. It may also provide a foundation for future examination of appropriate physical activity interventions to prevent the development of type 2 diabetes in the postpartum years.
Methods
Participants Twenty-nine pregnant women (13 women with GDM and 16 age-and parity-matched women), 28 ± 2 gestational weeks, were recruited from the 1st ObstetricsGynaecology Clinic of Papageorgiou Hospital, Aristotle University, Thessaloniki, Greece, during 2015, for this casecontrol study. The selection criteria for the GDM and control groups were: (1) normotensive women (BP < 140/90 mmHg) and no proteinuria (24 h urine albumin ≤ 300 mg); and (2) otherwise healthy (i.e. no pre-existing diabetes, no known cardiovascular or pulmonary disease). In accordance with the American Diabetes Association [1] , the diagnosis of GDM was made when at least one of the following plasma glucose values was exceeded: fasting glucose ≥ 5.1 mmol/l; 1 h plasma glucose ≥ 10.0 mmol/l; or 2 h plasma glucose ≥ 8.5 mmol/l during the OGTT. The one-step 75 g OGTT was performed in the morning after an overnight fast of at least 8 h [1] . Immediately after diagnosis, women in the GDM group followed medical nutritional therapy and were advised to increase physical activity. If normoglycaemia was not achieved after 7-10 days with lifestyle changes, insulin treatment was initiated [1] . This study was approved by the institutional review board committee and conducted in accordance with the Helsinki Declaration (1975, 1983 revision) . Prior to enrolment, each participant signed the written informed consent form. Participants were asked to follow their normal diet and have sufficient rest the night before the study. None of the participants was highly active or participated in organised training sessions during pregnancy or the year before pregnancy.
Testing procedures and instrumentation Participants were recruited at the time of the OGTT (at the 24-25th gestational week, on average). During this first visit, personal, obstetric and family histories were obtained and women in the GDM group initiated medical nutritional therapy and were advised to increase their physical activity. If they failed to control blood glucose levels to within the optimal values in 7-10 days, pharmaceutical treatment was initiated. Four weeks later (second visit at 28 ± 2 gestational weeks, on average), participants reported to the clinic for the implementation of the NIRS protocol (occlusion and exercise), vascular assessment and 24 h ambulatory BP (24 h BP) monitoring. During this second visit, six patients with GDM were on insulin treatment (one injection of long-acting insulin per day) and seven patients were receiving medical nutritional therapy. Participants were oriented and familiarised with experimental procedures during the visit. Physical characteristic assessment and blood testing were performed. Resting BP was assessed using two measures in the sitting position (digital Omron, Kyoto, Japan). Arterial stiffness was estimated by pulse wave velocity (PWV; Sphygmocor, AtCor Medical, West Ryde, NSW, Australia) according to a standard protocol [24] . Next, the NIRS device (Portamon, Artinis Medical Systems, Elst, the Netherlands) was placed at the participant's forearm to non-invasively monitor changes in muscle oxygenation [18, 25] . The NIRS device assesses relative changes from baseline for oxygenated haemoglobin (O 2 Hb) and deoxygenated haemoglobin (HHb), and calculates total haemoglobin (tHb) and the tissue oxygen saturation index (TSI) as absolute parameter for muscle oxygenation [26] . During NIRS measurements, the participant remained in the resting position for approximately 20 min and arterial occlusion followed. The cuff was rapidly inflated to suprasystolic levels (i.e. 250 mmHg) for 5 min, in order to obstruct blood flow to the forearm muscles and measure the maximal capacity for O 2 extraction by skeletal myocytes [13, 16, 19] . Stable blood flow/volume was verified by tHb. Participants reached a steady-state TSI at the end of the occlusion. The cuff was then rapidly deflated and reperfusion indices were recorded.
After a subsequent 10 min rest, the participant performed three maximal isometric handgrip contractions with their dominant hand using a digital dynamometer (MP150, Biopac, Goleta, CA, USA) with a 90 s interval between trials. The highest of the three readings was considered the maximal voluntary contraction (MVC). Next, the participant performed a 3 min submaximal intermittent handgrip exercise test (4 s exercise at 35% MVC with a 3 s rest), during which she had visual feedback to maintain force output to the predetermined percentage of her MVC. Beat-by-beat BP was monitored throughout the protocol (Finapres, Finapres Medical Systems, Amsterdam, the Netherlands). Adipose tissue thickness (Harpenden skinfold calliper, British Indicators, Burgess Hill, UK) at the portamon site (mid-distance between light source and detector) was measured. mV
) was calculated from the upsloping HHb with stable tHb. Obstruction of both inflow and outflow results in a static compartment where the increase in HHb is directly related to consumption. The TSI slope following cuff release (reperfusion) was used as an index of the reactivity of vessels to accommodate the increase in blood flow [13] . The magnitude of hyperaemic response was calculated as the difference between peak TSI during reperfusion and baseline TSI (ΔTSI%). During exercise, TSI and HHb indices were used as indices of muscle oxygenation and microvascular O 2 extraction [27, 28] . Handgrip and NIRS oxygenation measurements have been shown to be valid and highly reliable [16, 18, [29] [30] [31] .
For 24 h BP monitoring, participants were equipped with portable devices (Spacelabs 90207; Spacelabs Healthcare, Redmond, WA, USA), programmed to record BP at 20 min intervals during a typical work day and 30 min intervals during the subsequent night.
Statistical analyses Data are reported as mean ± SD. For statistical analysis, the NIRS-derived variables were averaged over the testing periods (Oxysoft, Artinis Medical Systems, Elst, the Netherlands). Minimal and maximal values, and their difference (i.e. magnitude of change), were calculated for NIRS variables. A regression line (y = α + bx) was applied to the occlusion and reperfusion data (where b is the slope and a the intercept). Differences between groups were assessed by Student's t tests for independent samples. Two-way ANOVA with repeated measures was used to assess the effect of 'group' and 'time' (baseline, occlusion and reperfusion), followed by Tukey post-hoc in case of significant group × time interaction (Statistica 7.0, StatSoft, Tulsa, OK, USA). Pearson correlation (r) was used to measure the relationship between NIRS variables, macrovascular function and BP.
Results
Women's characteristics The participants' characteristics are presented in Table 1 . Participants in the GDM and control groups were of similar chronological age. At the first visit (at the time of GDM diagnosis), significant differences (p < 0.05) between groups were observed, as expected, in fasting blood glucose, blood glucose measurements during OGTT, body weight and BMI. During the second visit, women in both groups were of similar gestational age (28.1 ± 2.3 and 28.0 ± 2.5 weeks, GDM and control group, respectively), with no significant differences between groups in haematocrit, haemoglobin, total cholesterol and blood glucose (with GDM patients under treatment). No differences between groups were observed in: (1) clinic and 24 h BP measurements; (2) PWV; and (3) forearm skinfold at the site of measurement (5.15 ± 0.87 and 5.06 ± 0.96 mm, GDM and control group, respectively).
Brachial artery occlusion and reperfusion The TSI responses from the GDM and control groups during arterial occlusion, reperfusion and hyperaemia are presented in Fig. 1 (curves constructed by averaging TSI data per group) . The TSI was not significantly different between groups at baseline (69.6 ± 4.0 vs 66.7 ± 3.0% in GDM and control groups, respectively) and declined (p < 0.001) in both groups during occlusion. However, women with GDM exhibited a , respectively, p = 0.001; Fig. 2c ).
During reperfusion, TSI rapidly increased (p < 0.001) and exceeded baseline levels in both groups (Fig. 1) ; however, women with GDM presented a slower reoxygenation rate than controls (TSI reperfusion slope: 0.65 ± 0.26 vs 1.05 ± 0.41, respectively; p < 0.01; Fig. 2d ), suggesting a reduced microvascular reactivity in the former group. The magnitudes of TSI (%) reperfusion (22.9 ± 9.3 vs 35.4 ± 11.9, respectively, p < 0.01; Fig. 2e ) and hyperaemia (ΔTSI: 6.8 ± 2.9 vs 9.5 ± 3.4, p < 0.05; Fig. 2f ) were smaller in GDM than controls.
Intermittent exercise Representative data for tissue oxygenation during handgrip in a GDM and a control participant are presented in Fig. 3 . During exercise, women with GDM exhibited a lower (p < 0.05) magnitude of TSI decline and HHb (Fig. 4) and a lower (p < 0.05) peak response in tHb. Although no differences were observed in MVC between groups (29.1 ± 8.1vs 26.2 ± 10.4 kg in GDM and controls, respectively), during the 3 min exercise session, women with GDM were not able to maintain the same average MVC percentage as their control counterparts (23.4 ± 2.9% vs 27.4 ± 3.8%, p < 0.05).
Relationship between muscle oxygenation, arterial stiffness and cardiovascular risk factors Significant correlations (r = 0.40-0.60) were found between muscle oxygenation variables (during occlusion) with arterial stiffness (assessed by PWV) and 24 h ambulatory systolic and diastolic BP. The TSI occlusion slope and mV ⋅ O 2 (HHb) significantly correlated with PWV (r = 0.56 and r = −0.60, respectively, p < 0.01; Fig. 5a, b) . PWV was correlated with muscle deoxygenation (HHb magnitude) during exercise (r = 0.60, p < 0.001). No significant correlation was observed between tissue oxygenation and participants' age. Significant correlations (p < 0.05) were also observed between NIRS variables (tested on average at 28 ± 2 weeks) and blood glucose levels during OGTT (assessed 4 weeks earlier, before women started treatment). More specifically, the TSI occlusion slope was correlated with baseline blood glucose during OGTT (r = 0.502, p < 0.01 ; Fig. 5c ); and TSI reperfusion slope correlated (p < 0.01) with baseline (r = −0.577) and 60 min (r = −0.390) blood glucose during OGTT (Fig. 5d) . No significant correlation was observed between oxygenation variables and blood glucose concentration at the time of NIRS measurement when women were treated for hyperglycaemia. , p < 0.05, in GDM and controls, respectively).
Comparisons of BMI-matched groups

Discussion
This study examined, for the first time: (1) microvascular reactivity and skeletal muscle oxygenation in GDM and control pregnant women at rest and during intermittent handgrip exercise using NIRS; and (2) the associations of NIRS indices with aortic stiffness and cardiovascular risk factors. Women with GDM exhibited a characteristic blunted TSI curve during occlusion because of alterations in skeletal muscle oxygenation capacity and microvascular reactivity. These dysfunctions were also manifested during submaximal exercise and were significantly correlated with macrovascular indices and cardiovascular disease risk factors. Although none of the pregnant women had clinical signs of gestational hypertension or impaired aortic stiffness, the significant correlation of muscle reoxygenation slope with PWV and 24 h BP measurements imply a link between microvascular reactivity and early macrovascular alterations. Notably, significant correlations were observed between muscle oxygenation indices (assessed on average at 28 weeks) and first visit blood glucose levels (before women with GDM initiated treatment). The microvascular and oxygenation differences between groups persisted when adjusting for BMI differences. The blunted muscle oxygenation during exercise in GDM was reflected in their reduced ability to maintain the required MVC percentage during the 3 min exercise.
Assessment of vascular endothelial integrity in humans can be performed by means of biochemical markers or by functional tests, such as the FMD test [9, 12, 32] . The cost and validity of some circulating biomarkers has, so far, hindered their implementation as routine prenatal screening tests for endothelial dysfunction [33] . The FMD test, on the other hand, is a low-cost test that uses ultrasound to detect large artery vasoreactivity. Although significant correlations of FMD-and NIRS-derived measures during occlusion/reperfusion have been recently shown in non-pregnant adults [13] , the FMD test: (1) primarily focuses on changes in conduit artery dilation from a baseline to a post-occlusion value expressed as per cent dilation, which neglects dynamic adjustments of the response; and (2) does not assess microvascular function within the tissue itself [13, 14] . There are currently some reports on FMD and macrovascular function in GDM [9] ; however, cellular mechanisms of the macrovascular endothelium should not necessarily be extrapolated to the microvascular endothelium [14] . The macrovascular endothelium is less reactive to growth factors (i.e. placental growth factor), has lower homeobox gene expression and responds differently to hormonal stimuli and vasoactive molecules (insulin, NO, adenosine) than the microvascular endothelium [14] . Although microvascular abnormalities may precede the clinical manifestations of diabetic microvascular dysfunction, in vivo microvascular function has been underinvestigated in GDM. The NIRS technology used in this study allows noninvasive determination of the magnitude and dynamic adjustment of microvascular responses within the skeletal muscle in humans and provides reliable continuous recordings of local skeletal muscle oxygenation at rest and during exercise that is not possible with the previously used methods [13] .
Women in the GDM group exhibited a reduced capacity for O 2 extraction at the skeletal muscle level, as shown by the slower slope during occlusion and lower skeletal mV ⋅ O 2 vs controls, implying reduced oxidative capacity and mitochondrial function [31] . Our findings agree with in vitro and in situ studies showing reduced mitochondrial capacity in cells and isolated mitochondria in diabetes type 2 or GDM [20, 21] , and also extend the knowledge of mitochondrial function under in vivo conditions.
The GDM group also exhibited a slow reoxygenation rate, suggesting alterations in the balance between O 2 delivery and O 2 extraction. During reperfusion, there is a rapid increase in forearm blood flow into the muscles due to, at least partly, increased conductance mediated by the release of local vasodilators [34] . Therefore, the sluggish and delayed response in GDM participants probably reflects a reduced release of vasodilators from the vascular endothelium, an inability of small vessels (i.e. terminal arterioles) to dilate in response to stimuli and/or a capillary rarefaction. In accordance, studies in arteries from mice with previous GDM or human placental cells showed a reduced endothelium-dependent vasodilatation or larger contraction than normal vessels when exposed to post-hypoxic reoxygenation or hydrogen peroxide [35, 36] . Possible mechanisms proposed for cells from mouse models of GDM and cultured cells from individuals with type 2 diabetes include increased superoxide production caused by mitochondrial uncoupling, which decreases NO bioavailability by peroxynitrite formation [35] , impairs K + channels and induces nitrosylation of proteins and DNA damage [35, 37] .
The blunted hyperaemic response in the GDM group gives an early indication of microvascular dysfunction [19] . Notably, although none of the GDM participants presented clinical signs of macrovascular dysfunction or gestational hypertension, the TSI responses were significantly correlated with PWV, a gold standard measure of arterial (macrovascular) stiffness and a prognostic factor for cardiovascular disease [38] . The microvascular alterations observed in the GDM group can hinder the fundamental pregnancy adaptation for vasodilatation [9, 39] and this is of particular importance during exercise, as it can limit O 2 delivery to active muscles and induce premature fatigue in a pregnant woman with diabetes. Indeed, the reduced capacity for muscle oxygenation during occlusion in GDM was reflected in the blunted tissue oxygenation during the handgrip test. Participants in both groups exhibited similar MVCs (i.e. similar strength levels). However, during repeated contractions the GDM group exhibited a lower magnitude of TSI decline and an inability to maintain the required MVC percentage. These data suggest that peripheral impairments, not only central limitations, are important contributors to low physical fitness in women with GDM.
Another important factor that can limit the vasodilatory capacity of the exercising muscle is an exaggerated sympathetic tone. Obesity, a central attribute to GDM [5] , can cause an increased sympathetic stimulation [40] . The involvement of the autonomic nervous system in microvascular dysfunction in GDM requires further study. Nevertheless, as increased BMI is a characteristic feature of GDM [41] , BMI-matched individuals were compared in a subset of data. The delayed and blunted TSI responses during occlusion and exercise were still evident in GDM vs BMI-matched control women.
There is controversy in the literature regarding whether hyperglycaemia and insulin resistance causes endothelial dysfunction or whether endothelial dysfunction already exists prior to GDM diagnosis and is unmasked by pregnancy [35, 42] . Women in our GDM group were diagnosed and treated early for their hyperglycaemia; however, they still presented signs of microvascular endothelial dysfunction. 'Hyperglycaemic memory', a mechanism described in animals and humans with type 2 diabetes [8] , cannot be excluded, as significant correlations were found between muscle oxygenation variables (measured on average at 28 weeks) and glucose levels at the time of GDM diagnosis (24-25th week). Possible mechanisms such as the generation of irreversible AGEs or oxidative stress, which have been implicated in the induction of a hyperglycaemic memory and long-term arterial stiffness in individuals with impaired glucose tolerance, require further study [8, [43] [44] [45] .
The clinical rationale for identifying abnormalities in the reactivity of skeletal muscle vessels with NIRS is that early detection may aid risk stratification for cardiovascular events and identify women with a greater risk for type 2 diabetes and hypertension in the postpartum years. Our findings may provide a foundation for future examination of lifestyle/pharmacological interventions that will reverse this microvascular dysfunction or differentiate responders from non-responders to therapy.
It should be mentioned, however, that absolute values of O 2 Hb and HHb should be interpreted with caution if groups with different adipose tissue thickness are measured. Although in this study, groups with similar forearm skinfold thickness were compared and the blunted TSI curve was still evident in GDM vs the BMI-matched control group, emphasis in the NIRS data should be given to the dynamic adjustment of the NIRS signal, i.e. occlusion/ reperfusion slopes, as these variables are not influenced by adipose tissue thickness [46] , and to the TSI signal as the normalisation of O 2 Hb per tHb in its calculation diminishes differences in signal amplitude. Otherwise, normalisation of the NIRS absolute O 2 Hb and HHb signal to adipose thickness is advised. A study limitation is the relatively small sample size. However, the strengths are that this study shows, for the first time, that despite the short duration of glucose impairment, early abnormalities in microvascular reactivity and local skeletal muscle oxygenation exist in GDM.
In conclusion, women with GDM exhibit a characteristic blunted TSI curve during an acute interruption of blood flow and a slower hyperaemic response after the ischaemic challenge compared with non-complicated pregnancies, indicating an inability of the small arterioles to dilate in response to stimuli and impairments in oxygen delivery and extraction by their skeletal muscles. This microvascular stiffening could not only limit oxygen delivery to skeletal muscles, inducing early fatigue during exercise, but possibly promote target organ damage. Alterations in microvascular function are evident in GDM before any clinical manifestations of macrovascular dysfunction or gestational hypertension. Importantly, the blunted oxygenation indices significantly correlated with early pregnancy blood glucose levels (before the GDM gravidas-initiated treatment), aortic stiffening indices and 24 h BP measurement, and persisted even when hyperglycaemia was controlled.
